INTRODUCTION
Caffeine stimulates Ca2l release through some, but not all, types of ryanodine receptors [1] [2] [3] and has been widely used as a tool for demonstrating the presence of a ryanodine receptor in a variety of cells. In these studies, it became apparent that caffeine concentrations in the range 10-25 mM inhibited Ca2l responses induced by inositol 1,4,5-trisphosphate (InsPJ)-producing agonists [4] [5] [6] [7] [8] [9] [10] [11] . It has been proposed that millimolar concentrations of caffeine inhibit the InsP3 receptor [8, [12] [13] [14] . However, in other experimental systems, caffeine concentrations up to 20 mM [10] and 50 mM [15] did not affect the InsP3 receptor. This discrepancy indicates that the inhibitory effect of caffeine must be strongly dependent on experimental conditions and/or on cell type.
We have investigated the effect of caffeine on the basal and InsP3-stimulated unidirectional 45Ca2l efflux from the non-mitochondrial Ca2l stores of permeabilized A7r5 smooth-muscle cells. The following two questions were specifically addressed:
(1) does caffeine inhibit the InsP3-induced Ca2l release and, if so, does this inhibition represent a specific action of caffeine? (2) is the extent of inhibition of the release dependent on experimental conditions?
We report that caffeine does inhibit InsP3-mediated Ca2l release and that this inhibition must represent a specific interaction. The inhibition occurs independently of the cytosolic [Ca2+] , and the presence of ATP or MgATP in the assay medium prevents this inhibitory effect of caffeine.
MATERIALS AND METHODS
A7r5 aortic smooth-muscle cells were cultured as described previously [16] . The cells were used between passages 10 and 20 after receipt from the American Type Culture Collection (Bethesda, MD, U.S.A.), unless otherwise indicated. (1,3,7-trimethylxanthine) , isocaffeine (1,3,9-trimethylxanthine) or theophylline (1,3-dimethylxanthine) in the absence of added InsP3 (Figure 1 ). The highest concentrations tested (50 mM for caffeine and isocaffeine and 25 mM for the less soluble theophylline) induced a slight decrease in the Ca2+ content of the stores. This represented a non-specific effect on the passive Ca2+ leak and not the activation of a possible ryanodine receptor, for the following reasons: (1) isocaffeine, which is about 5 times less effective than caffeine in activating the ryanodine receptor [17] , was equally potent as caffeine in decreasing the Ca2+ content of the store; (2) the effect of the methylxanthines also occurred in the presence of 1O ,uM Abbreviation used: InsP3, inositol 1,4,5-trisphosphate. * To whom correspondence and reprint requests should be addressed. Caffeine-induced inhibition of the InsP3-medlated Ca2+ release is a specfflc effect The approach used to investigate whether the observed inhibition by caffeine was specific was to study the effect of closely related methylxanthines (Figure 2a ). The effect of xanthine, 3,7-dimethylxanthine (theobromine) and 3-isobutyl-1-methyl- The InsP3 receptor is stimulated by cytosolic Ca2l [19] [20] [21] [22] . It has been suggested for guinea-pig portal-vein smooth muscle that caffeine will only inhibit that part of the Ca2+-release response that is activated by cytosolic Ca2l [14] . Figure 3 under these conditions, confirming that also the A7r5 InsP3 receptors are stimulated by cytosolic Ca2+ [23] . Caffeine inhibited the InsP3-induced Ca2+ release at both levels of cytosolic Ca2+.
There was a tendency for a decreased effectiveness of caffeine at higher [Ca2+] . The action of caffeine in A7r5 cells was therefore not specific for the Ca2+-stimulated part of the release.
ATP prevents the caffeine-induced inhibition of the InsP3 receptor
Since caffeine bears a structural resemblance to ATP, and since ATP-binding sites were described on the InsP3 receptor [24] [25] [26] [27] ,
we investigated the effects of ATP on the caffeine-induced inhibition. that MgATP was also able to decrease the inhibitory effect of caffeine.
DISCUSSION
The major conclusion from this work is that caffeine, either directly or indirectly, inhibits the InsP3 receptor. This effect seems to require a specific binding site on the InsP3 receptor or some associated protein, since isocaffeine, which differs from caffeine by only the position of one methyl group, was ineffective. A similar specificity has been found for activation of the ryanodine receptor [17] . The site of interaction of caffeine with the ryanodine receptor has not been resolved as yet [28] [14] on portal-vein smooth muscle. In contrast, a caffeine-induced decrease in co-operativity was observed for the rat cerebellar receptor [13] . The InsP3 receptor is stimulated by cytosolic Ca2+ [19] [20] [21] [22] . It has been suggested that caffeine will only inhibit that part of the Ca2+-release response that is activated by cytosolic Ca2+ [14] . Caffeine did not affect the InsP3 receptor in A7r5 cells in this way, because caffeine inhibited the release both in the absence of added Ca2+, i.e. at a calculated free [Ca2+] of less than 10 nM, and in the presence of 1 ,uM Ca2` (Figure 3) . We actually observed that the inhibition by caffeine was somewhat less pronounced at higher free [Ca2+] . The reason for this discrepancy is unknown.
ATP-binding sites on the InsP3 receptor have been described [24] [25] [26] . ATP, ADP and AMP competitively inhibited [a-32P]ATP binding to these sites, whereas GTP was not effective, indicating that ATP probably interacts with the receptor through its adenine moiety [27] . Our finding that both ATP and MgATP prevented the inhibitory effect of caffeine indicates that probably the adenine part of the caffeine molecule will allow caffeine to interact with the ATP-binding site. Since isocaffeine is not effective, we can suppose that a methyl group on N-9 prevents interaction with this site on the receptor. A precise kinetic analysis is difficult, since there are several isoforms of the InsP3 receptor expressed in A7r5 cells [30] . Moreover, each InsP3 receptor monomer seems to have more than one ATP-binding site [24] [25] [26] . Our data suggest that caffeine may interact with any of these ATP-binding sites. It is conceivable that such interaction could induce a conformational change of the receptor, which then affects the gating properties, resulting in an inhibition of the Ca2+ release. An alternative possibility is that caffeine would interact with some associated protein. Our finding that ATP counteracted the inhibitory effect of caffeine might explain why already very low concentrations of caffeine (2 mM) inhibited the InsP3 receptor in the absence of ATP [14] , whereas very high caffeine concentrations (50 mM) did not inhibit [15] or only partially inhibited [13] the release in the presence of 1.5 mM ATP.
Ca21 spiking in non-excitable cells is due to a periodic release of Ca2+ from internal stores. The oscillatory release can occur through the InsP3 receptor [18] or the ryanodine receptor [31] [32] [33] [34] [35] . Ca21 spiking through the InsP3 receptor may depend on a sensitization of the InsP3 receptor to low doses of InsP3 [12, 18, 36, 37] . High concentrations of caffeine can inhibit Ca2+ spiking also in cells that do not express a ryanodine receptor. Our findings and those of others [8, [12] [13] [14] indicate that caffeine inhibits the InsP3 receptor. The relatively high intracellular MgATP concentration (in the millimolar range) would limit the inhibitory effect of caffeine, but some inhibition remains even in
